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Abstract 
Two kinds of neuro-fuzzy gust response alleviation control laws are designed for a flexible large-aspect-ratio wing model. 
Simulations and comparisons of random gust alleviation using the two control laws are performed. Based on the better 
neuro-fuzzy control law, experiments and simulations of sinusoidal gust alleviation using one-control-surface control system and 
two-control-surface control system are developed. The investigations show that the two kinds of neuro-fuzzy gust response alle-
viation control laws can alleviate random gust responses effectively. The neuro-fuzzy gust response alleviation control law in-
cluding a modifying factor is better than the other one without it. Further, the better one has good effects on the sinusoidal gust 
alleviation at different frequencies and flow velocities. The two-control-surface control system has better effects on gust response 
alleviation than the one-control-surface control system when the gust is strong. The simulation results agree well with the ex-
perimental results. These results can be usefully referenced to the design of actual gust alleviation control systems. 
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1. Introduction1 
The aircraft often jolts while crossing through tur-
bulent zones. The corresponding gust response has 
negative effects on its fatigue characteristics and ride 
quality. Therefore, the gust response alleviation control 
systems are installed to alleviate gust effects in modern 
high-per-formance airliners. And the gust alleviation 
control is always one of the research focuses[1-3]. 
Gust alleviation control mainly has two ways. One 
is direct lift control, and the other is indirect lift con-
trol. The main purpose of direct lift control is to make 
the motion parameters of the aircraft decouple and 
produce new motion mode. The sequence of opera-
tions can be described as follows: experiencing the 
motion state of the aircraft through the sensor, maneu-
vering the deflections of control surfaces according to 
control laws, and producing direct lift to alleviate gust 
responses[4]. The indirect lift control method alleviates 
gust responses by controlling the deflections of 
trail-edge flap and elevator. However, it cannot de-
couple the motions[5]. Consequently, direct lift control 
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method has been used in this article. 
Presently, there are plenty of theoretical and ex-
perimental researches on gust response alleviation 
control laws abroad[6-8]. Furthermore, some studies of 
gust alleviation control systems used in civil aircraft 
are developed[9-11]. Although there are some theoretical 
researches in China as well[12-15], the relative experi-
ments are rare. Besides, these studies mainly concen-
trate on traditional gust alleviation control meth-
ods[16-19]. In recent years, with the development of 
various artificial intelligent algorithm theories, some 
gust alleviation control systems using artificial intelli-
gent algorithms appear gradually. Compared with tra-
ditional gust alleviation control systems, they have 
special advantages. For example, gust alleviation con-
trol systems based on neural network theory or fuzzy 
logic theory have good effects on gust alleviation[20]. It 
is because they are more flexible and have stronger 
robustness than gust alleviation control systems based 
on traditional algorithms. Considering the application 
of control systems in engineering projects, this article 
designs parameter adaptive proportion-integration- 
differentiation (PID) control laws based on fuzzy logic 
theory. 
Up to now, there are few studies on gust response 
alleviation control systems using artificial intelligent 
algorithms abroad. And there are rare relevant reports 
on the theoretical and experimental studies of the gust Open access under CC BY-NC-ND license.
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response alleviation control systems using neuro-fuzzy 
control laws in home. 
Two kinds of neuro-fuzzy control laws have been 
designed for a flexible large-aspect-ratio wing model 
in this article. Relevant simulations have been devel-
oped, and experiments using the better one have been 
carried out. As the experimental model has two control 
surfaces, one-control-surface gust alleviation control 
system experiment and two-control-surface gust alle-
viation control system experiment have been con-
ducted separately. Besides, comparisons of two ex-
periments have been performed. 
2. Model Building 
2.1. Experimental model 
The experimental model is shown in Fig.1. The 
wing consisting of a main wing with an outer aileron 
control surface and an inner aileron control surface is 
based on the NACA0015 airfoil shape. The root of the 
wing is fixed. The span of the wing model is 2 m, the 
chord of the wing tip is 0.2 m and the chord of the 
wing root is 0.65 m. The leading-edge backswept an-
gle of the wing is 20°. All experiments were performed 
in FD-09 low-speed wind tunnel at China Academy of 
Aerospace Aerodynamics. The wind tunnel is a 
closed-circuit tunnel with a 3 m×3 m test section. 
 
Fig.1  Photograph of experimental model in wind tunnel. 
A gust generator device consisting of two vanes is 
installed before the wing model (see Fig.1). The vanes 
can rotate in the way of the designed frequency and 
amplitude circling its pinned axis to produce continu-
ous sinusoidal gusts in the test section. 
An accelerometer is assembled in the wing tip of the 
model. The gust alleviation control system designed in 
this article regards the acceleration and the flow veloc-
ity signals as inputs, and maneuvers the deflections of 
the two ailerons to reach the goal of gust alleviation. 
The first mode of the model in the experiments is the 
first bending mode with a frequency of 1.6 Hz; and the 
second mode is the second bending mode with a fre-
quency of 6.2 Hz; and the third mode is the first tor-
sional mode with a frequency of 14.9 Hz. 
2.2. State-space model 
A control system of a gust alleviation model consists 
of three state-space equations of a flexible wing model, 
an actuator segment and a gust segment. 
First, the aeroelastic equation of a flexible wing is 
given by  
 δ+ + = − + Mq Cq Kq M δ f         (1) 
where q is the generalized coordinate; M, C and K are 
the generalized mass, generalized damping and gener-
alized stiffness matrices respectively; δ is the control 
surface deflection; Mδ the coupling inertial mass 
caused by δ ; and f the generalized unsteady aerody-
namic force which can be obtained using minimum 
state (MS) method[3].  
Set up the state-space equation of a flexible wing[16] 
as follows: 
 ae ae ae ae ae ae ae
ae ae ae ae ae ae ae
⎫⎬⎭
x = A x + B u + E w
y = C x + D u + F w
  (2) 
where xae = [q  q   xa]T, uae = [δ  δ  δ ]T, wae = [wg  
gw ]T; yae is the normal component of the acceleration 
response of the wing surface, xa the hysteretic state of 
the aerodynamic force, wg the normal component of 
the gust velocity; Aae the state matrix of the wing; Bae 
and Eae are the input matrices; Cae is the output matrix; 
and Dae and Fae are the direct transfer matrices. 
The actuator is approximate with three-order trans-
fer function, and the relative state-space equation is 
given by 
 ac ac ac ac c
ae ac ac
⎫⎬⎭
x = A x + B u
u = C x
      (3) 
where xac is the state of the actuator, uc the com-
manded deflection of the control surface, Aac the state 
matrix of the actuator, Bac the input matrix of the ac-
tuator, and Cac the output matrix of the actuator. 
Two kinds of gusts have been considered in this ar-
ticle. One kind is sinusoidal gust used in experiments 
and simulations. The other is random gust just used in 
simulations. The sinusoidal gust is expressed by 
 g sin(2π )w G tω=         (4) 
where G is the amplitude of the gust, ω the frequency 
of the gust, and t the time. 
Dryden model has been selected as the power spec-
tral model of random gust in this article. It has similar 
effects as von Karman model while the flow velocity is 
low and the gust frequency is not very high[21], so that 
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the Dryden model can be simulated in time domain. 
Therefore, the state-space equation of random gust is 
given by 
 g g g g
ae g g g
η
η
⎫⎪⎬+ ⎪⎭
x = A x + B
w = C x D
         (5) 
where xg is the state of the gust, η the zero mean value 
white noise, Ag the state matrix of the gust, Bg the in-
put matrix of the gust, Cg the output matrix of the gust, 
and Dg the direct transfer matrix. 
Based on Eqs.(2)-(3) and Eq.(5), a state-space equa-
tion of gust model has been built by 
 c
ae
η
η
+ ⎫⎬+ ⎭
x = Ax + Bu E
y = Cx F
           (6) 
where x = [xae  xac  xg]T, 
ae ae ac ae g
ac
g
⎡ ⎤⎢ ⎥= ⎢ ⎥⎢ ⎥⎣ ⎦
0 0
0 0
A B C E C
A A
A
,  
B = [0  Bac  0]T, E = [EaeDg  0  Bg]T, C = [Cae  
DaeCac  FaeCg] and F = [Fae  Dg]. 
When the gust is sinusoidal gust, Eq.(5) can be re-
moved, and the gust is imported as Eq.(4) directly. 
3. Control Law Design 
3.1. Three kinds of gust alleviation control laws 
To study the characteristics of gust alleviation con-
trol laws based on neuro-fuzzy theory, three control 
laws have been set up: a PID control law, neuro-fuzzy 
control law A and neuro-fuzzy control law B. The PID 
control law, which has lots of advantages including 
simple structure, being easy to be carried out and being 
convenient to be used, is one of the most popular con-
trol laws used in engineering projects. Using the PID 
control law as a comparison, we can distinctly realize 
the characteristics of neuro-fuzzy gust alleviation con-
trol laws. 
(1) The PID control law (see Fig.2). In Fig.2, kp is 
the correlated coefficient of yae and ki is the correlated 
coefficient of aed / dt∫ y . Thus uc can be expressed by 
 c p ae i aed / dk k t= + ∫u y y           (7) 
 
Fig.2  PID control law. 
In general PID control law, kp and ki are defined by 
expert experience. Namely, they should be adjusted 
manually time after time to get a good result. In addi-
tion, they can hardly be adjusted once defined. 
(2) The neuro-fuzzy control law A (see Fig.3). Al-
though fuzzy control law is flexible in structure, con-
trol method and knowledge expression, it is difficult to 
obtain control knowledge and set effective inference[22]. 
To overcome these problems, we need to apply neural 
network algorithm. Using error back propagation (BP) 
algorithm, we can fit membership functions of coeffi-
cients based on step response results of the model. 
Namely, the coefficients used in neuro-fuzzy control 
laws can be obtained directly using BP algorithm ac-
cording to the state-space model. The manual adjust-
ment is not needed at all. 
 
Fig.3  Neuro-fuzzy control law A. 
Thus, set up the neuro-fuzzy control law A. The 
whole gust alleviation system includes two controllers: 
fuzzy controller kp consisting of yae input, v input and 
kp output; and fuzzy controller ki consisting 
of aed / dt∫ y  input, v input and ki output. v is the flow 
velocity. 
Compared with the PID control law, neuro-fuzzy 
control law A can consider the nonlinear effect of co-
efficients on the model. Moreover, kp and ki are not 
defined by expert experience but defined by response 
characteristics of the model. Besides, kp and ki will 
carry out adaptive adjustment according to yae, 
aed / dt∫ y and v in gust alleviation. 
A phenomenon during the simulations and experi-
ments attracts our attention. The proportion of kp to ki 
affects the gust alleviation results greatly. The im-
proper proportion of kp to ki will cause over control. In 
addition, the best proportion varies nonlinearly with v. 
The function curve can be obtained using BP algo-
rithm. Introduce a modifying factor a: 
 c p0 ae i0 ae(1 ) d / dak a k t= + − ∫u y y     (8) 
where kp0 is the deflection of control surface per unit 
acceleration response, ki0 the deflection of control sur-
face per unit acceleration response integration, and 
a∈[0,1]. 
(3) The neuro-fuzzy control law B. Set up 
neuro-fuzzy control law B based on Eq.(8), as shown 
in Fig.4. The whole gust alleviation system includes 
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one more fuzzy controller than neuro-fuzzy control 
law A: controller a, which  consists of yae input, v 
input and a output. 
 
Fig.4  Neuro-fuzzy control law B. 
All controllers are the Mamdani-Assilian type. The 
max-min inference is used to generate the best possible 
conclusions; and the centroid-of-aero (COA) defuzzi-
fiation procedure is used to calculate crisp control ac-
tions. All membership functions are fitted using BP 
algorithm. 
The v is the input variable parameter in the two 
neuro-fuzzy control laws. And the deflections of con-
trol surfaces are set to zero when v is close to flutter 
speed in the two neuro-fuzzy control laws. Thus, we 
can design another control law of which the main 
function is flutter suppression. 
3.2. Simulation comparisons 
To compare the gust response alleviation effects of 
different control laws, we define gust response allevia-
tion efficiency as 
 
(0) (1)
100%
(0)
y y
y
r
σ σ
σ
−= ×           (9) 
where σy(0) is the root-mean-square value of the yae 
without control, and σy(1) the root-mean-square value 
of the yae under control. 
Carry out the gust alleviation simulations using the 
three kinds of control laws on two-control-surface 
system respectively. The gust is random gust, and the 
flow velocity is 28 m/s. The range of deflections of 
outer aileron and inner aileron is restricted to −10°-10°.  
 
(a) Gust response without control law 
 
(b) Gust response using PID control law 
 
(c) Gust response using neuro-fuzzy control law A 
 
(d) Gust response using neuro-fuzzy control law B 
Fig.5  Gust responses using three different control laws      
or not. 
Fig.5 presents the simulation results. In Fig.5, g is the 
unit of acceleration overload, and g = 9.8 m/s2. 
The kp and ki in the PID control law are adjusted 
manually for several times. At last, the gust response is 
alleviated greatly using the PID control law, as shown 
in Fig.6. The coefficients in the neuro-fuzzy control 
laws are obtained using BP algorithm. And the effect 
of neuro-fuzzy control law B is fine as well. 
Neuro-fuzzy control law A is not very effective in 
gust response alleviation. The reason is neuro-fuzzy 
control law A has two main functions. One is remedy 
the defect of PID control law coefficients defined by 
calculating membership functions using BP algorithm. 
The other one is that it can consider the nonlinear 
variation of kp and ki with v. Nevertheless, it cannot 
ensure that kp and ki are the best values under this con-
dition. For this reason, it cannot ensure the best gust 
response alleviation. 
Compared with the neuro-fuzzy control law A, 
neuro-fuzzy control law B contains one more fuzzy 
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controller, the fuzzy controller a. It is nested with an-
other two fuzzy controllers, the fuzzy controller kp0 
and ki0. Thus, the nonlinear variation of the proportion 
of kp to ki can be considered. Based on that, 
neuro-fuzzy control law B can have the best values of 
kp and ki all the time. 
 
Fig.6  Gust response alleviation efficiency vs flow 
velocity. 
Fig.6 presents the variations of gust response alle-
viation efficiency with v using three control laws re-
spectively. The gust response alleviation efficiency is 
calculated by Eq.(9). 
Fig.6 indicates that the gust response alleviation ef-
ficiency is greatly affected by v while using PID con-
trol law. This is because kp and ki cannot change in a 
flexible way in the PID control law. And the gust re-
sponse alleviation system is a system with nonlinear 
factors. Thus, the alleviation efficiency will drop down 
when v is far from the velocity at which kp and ki are 
defined. 
The gust response alleviation efficiency using neu-
ro-fuzzy control law A is steady, but not the best one 
all the time. 
The gust response alleviation efficiency using 
neuro-fuzzy control law B is always high at different 
flow velocities. However, at low flow velocities, the 
gust response alleviation efficiency is not very high 
because of the low efficiency of control surfaces. 
The gust response alleviation effects of the three 
control laws all increase with flow velocity. The main 
reason is that the efficiency of control surfaces in-
creases with flow velocity. In the end, the effect of 
gust response alleviation is restricted by the efficiency 
of control surfaces. 
4. Experimental Results 
The neuro-fuzzy control law B which has the best 
gust alleviation effect in the simulations is applied to 
the sinusoidal gust alleviation experiments. The model 
has two control surfaces. Thus, two kinds of experi-
ments are carried out. One-control-surface control 
system and two-control-surface control system are 
used respectively in each kind. Both are based on the 
neuro-fuzzy control law B.  
4.1. One-control-surface control system 
The frequency of the sinusoidal gust in the experi-
ments is 2 Hz. Because of the big perturbation of the 
gust in the experiments, the range of flow velocity is 
10-16 m/s. The control surface is the outer aileron of 
the wing, and the range of deflection is restricted to 
−10°-10°. 
Fig.7 presents the experimental results at 12 m/s. 
Fig.7(a) shows the response without control, Fig.7(b) 
shows the response under one-control-surface control 
system, and Fig.7(c) shows the corresponding deflec-
tions of the outer aileron. 
 
(a) Experimental gust response without control 
 
(b) Experimental gust response using one-control-surface 
control system 
 
(c) Corresponding deflections of outer aileron 
Fig.7  Experimental results using one-control-surface   
control system or not. 
The experiments demonstrate that the gust allevia-
tion result is not very good under the one-con- 
trol-surface control system. The main reason is the 
perturbation of the gust is too big and drops the effect 
of the system. Fig.7(c) displays that the deflection of 
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the outer aileron is nearly changed just from one ex-
treme to the other. 
Table 1 presents the variation of the gust response 
alleviation efficiency in the experiments. In Table 1, k 
is reduced frequency, /k b vω= , and b  is mean half 
chord of the model. The efficiency is considerably 
close at different flow velocities using the one-control- 
surface control system. But they are not very high be-
cause of great perturbations of the gust. 
Table 1  Gust response alleviation efficiency vs flow  
velocity 
v/(m·s−1) k σy(0)/g σy(1)/g r/% 
10 0.043 1.33 1.17 12.10 
12 0.035 1.73 1.52 12.41 
14 0.030 2.00 1.79 10.52 
15 0.028 2.15 1.94  9.70 
16 0.027 2.24 2.07  7.50 
4.2. Two-control-surface control system 
In the experiments using two-control-surface gust 
alleviation control system, the experimental conditions 
are the same as those of the one-control-surface con-
trol system. And the range of deflections of outer ai-
leron and inner aileron is −10-10°. 
Fig.8 shows the experimental results at 12 m/s of the 
two-control-surface control system. The response 
without control is the same as response shown in 
Fig.7(a). Fig.8(a) displays the gust response under 
two-control-surface control system. Fig.8(b) displays 
the corresponding deflection of the outer aileron, and 
Fig.8(c) displays the corresponding deflection of the 
inner aileron. 
 
(a) Experimental gust response using two-control- 
surface control system 
 
(b) Corresponding deflection of outer aileron. 
 
(c) Corresponding deflection of inner aileron 
Fig.8  Experimental results using two-control-surface con-
trol system. 
According to Fig.8, the gust alleviation effect of the 
two-control-surface control system is obvious at 
12 m/s. Fig.8(b) and Fig.8(c) indicate that the maxi-
mum deflections of control surfaces reach the extreme, 
but most of the deflections are in the range. Therefore, 
the effect of the control system is not weakened. 
Table 2 illustrates the variation of the gust response 
alleviation efficiency with the flow velocity in the 
experiments. 
Table 2  Gust response alleviation efficiency vs flow   
velocity 
v/(m·s−1) k σy(0)/g σy(1)/g r/% 
10 0.043 1.33 1.01 24.03 
12 0.035 1.73 1.26 26.95 
14 0.030 2.00 1.50 25.33 
15 0.028 2.15 1.65 23.12 
16 0.027 2.24 1.79 20.14 
From Table 2, we can realize that the gust allevia-
tion effect of two-control-surface control system is 
better than that of one-control-surface control system. 
Furthermore, the best gust alleviation effect of the 
two-control-surface control system is at 12 m/s, the 
same as that of the one-control-surface control system. 
The reason is that the efficiency of control surface at 
10 m/s is lower than that at 12 m/s. When the flow 
velocity is higher than 12 m/s, the deflections of con-
trol surfaces will increase over to the extreme. Then, 
the gust alleviation efficiency will drop greatly. 
Therefore, the efficiency of the two-control-surface 
control system reduces when the flow velocity is 
higher than 12 m/s. This is contrary to the simulation 
results (see Fig.6). In actual flight, the flow velocity is 
higher than that in the experiments and the gust is 
weaker; therefore, the deflections of the control sur-
faces are usually in the range of the restriction and the 
gust response alleviation efficiency will get close to 
the results shown in Fig.6. 
5. Comparison Between Experimental and Sim- 
ulation Results 
To investigate the relationship between gust fre-
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quency and gust alleviation control efficiency, we have 
developed gust alleviation experiments of different 
gust frequency. The range of gust frequency is 2-5 Hz, 
and the flow velocity is 14 m/s. Simulations are carried 
out under the same condition to compare with the ex-
periments. The results are shown in Fig.9. 
 
Fig.9  Gust response alleviation efficiency vs frequency. 
Fig.9 shows that the gust alleviation efficiency at 
different frequencies all keeps over 20% using 
two-control-surface control system. The gust allevia-
tion effects are steady. Moreover, the simulation results 
match the experimental results well. 
Fig.10 presents a comparison between the simula-
tions and experiments of one-control-surface control 
system and two-control-surface control system. 
 
Fig.10  Comparison of gust response alleviation efficiency. 
Fig.10 illustrates that the gust response alleviation 
efficiency using two-control-surface control system 
always doubles the efficiency using one-control-sur- 
face control system. That is because the area of control 
surface in two-control-surface control system is bigger. 
And the deflections of the control surfaces in the 
two-control-surface control system are almost half of 
the deflections in the one-control-sur- face control 
system under the same gust. Therefore, the restriction 
on the deflection of control surface has more effects on 
the one-control-surface control system when the per-
turbation of gust is great.  
The results of simulations and experiments of the 
two control systems indicate that the variation tenden-
cies of gust alleviation efficiency are consistent, and 
the concrete values are relatively close. Thus, the 
simulation of the gust alleviation model is successful.  
6. Conclusions 
Two kinds of neuro-fuzzy control laws are designed 
for a flexible wing model. Simulations of random gust 
alleviations are developed using the two kinds of 
neuro-fuzzy control laws and the PID control law. 
Then, the neuro-fuzzy control law which has the best 
gust alleviation effect is used in the experiments of 
sinusoidal gust alleviations. Through the comparisons 
of the results between experiments and simulations, 
conclusions can be obtained as follows: 
(1) Simulation results indicate that both neuro-fuzzy 
control laws have effects on the gust response allevia-
tion. Besides, the neuro-fuzzy control law B is more 
effective. 
(2) Experimental results indicate that the gust re-
sponse alleviation efficiency of the neuro-fuzzy con-
trol law B is steady. The efficiency always maintains a 
higher value in experiments of sinusoidal gusts at dif-
ferent flow velocities and frequencies. 
(3) Experimental results show that the two-con- 
trol-surface control system has big advantages over the 
one-control-surface control system when the gust is 
strong. The two-control-surface control system can 
alleviate larger gust responses of the model than the 
one-control-surface control system in the same range 
of control surface deflections. 
To some extent, the low flow velocities and the 
strong gusts have weakened the effects of the control 
system in the experiments. Nevertheless, the gust re-
sponse alleviation control system based on 
neuro-fuzzy theory has high performance under dif-
ferent gusts in these experiments. Besides, the simula-
tion results match the experimental results well. 
Therefore, both of them can be usefully referenced to 
the design of gust alleviation control systems. And all 
of the researches can serve as a good opening of the 
further application of neuro-fuzzy gust alleviation 
control system in the future. 
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